Rapid identification of patients infected with clarithromycin-resistant Helicobacter pylori without the need for culture can help to avoid useless prescriptions of clarithromycin. We developed and tested a routine real-time quantitative PCR assay dedicated to that purpose. One hundred ninety-six consecutive gastric biopsy specimens were examined by culture, histology performed by a trained physician, and rapid PCR with the LightCycler apparatus. Infection was defined as (i) positivity of culture, (ii) positivity of histology, or (iii) positivity of PCR if confirmed by positivity of a concomitant indirect test (serology or urea breath test). Susceptibility to clarithromycin was tested by E-test and PCR. The prevalence of infection was 33.7% (66 of 196 samples). The sensitivities of culture, histology, and PCR were 90.9% (60 of 66 samples), 87.9% (58 of 66 samples), and 97.0% (64 of 66 samples), respectively. The specificity of PCR was 94.6% (123 of 130 samples). The linearity of the PCR results was achieved over a 6-log range of input DNA, and we were able to accurately quantify as few as 300 bacteria and to qualitatively detect as few as 30 bacteria per DNA sample. For clarithromycin susceptibility testing, there was 98.2% (55 of 56 samples) concordance between E-test and PCR. Forty-eight strains were clarithromycin susceptible, and 9 strains were clarithromycin resistant. The single discrepancy concerned a culture which was a mixture of mutant and wild type, with a susceptible-to-resistant ratio of 11.5: the resistant population was detected by E-test but not by PCR. Our PCR assay is accurate for fast detection of H. pylori as well as of clarithromycin resistance and is also able to objectively determine bacterial density.
Many diagnostic assays have been developed for Helicobacter pylori: culture, histology, rapid urease test, urea breath test, serology, stool antigen test, and molecular-based tests (24) . Culture has the great advantage of permitting subsequent determination of the antimicrobial susceptibility of the strain isolated, in particular to macrolides. Indeed, the macrolide drug clarithromycin is the key component of many combination therapies used to eradicate H. pylori, and macrolide resistance is the most important cause of treatment failure (13, 22) . However, disadvantages of culture include special conditions for specimen transportation, the use of complicated media with special conditions for maintenance, the need for special incubation conditions, and the length of time necessary to obtain a result (20) .
Clarithromycin resistance in H. pylori is due to the lack of binding of the macrolides to the 23S rRNA components of the bacterial ribosome due to modification of the target site by occurrence of a single spontaneous point mutation in the peptidyltransferase region of the 23S rRNA gene (17, 25) . Mutations A2142G and A2143G are the most often observed, with the A2142C mutation being much rarer (25) . Other mutations (A2115G, G2141A, and T2717C) have been described but appear to be exceptional (10, 14) . The small number of mutations implicated in macrolide resistance of H. pylori makes molecular detection of resistance, notably by PCR, realistic. Several techniques, notably some relying on PCR and particularly on real-time PCR, have been developed for bacterial detection or macrolide susceptibility testing (4, 19) . Some of the advantages of real-time PCR are rapidity, low rate of contaminations because of product analysis in a closed-tube system, and possibility of accurate quantification of the DNA target (26) .
Two studies have used real-time PCR to detect and quantify H. pylori directly from gastric biopsy specimens. He et al. amplified a fragment of the ureC gene (12) by this technique with the LightCycler apparatus (26) . However, specificity of PCR was perhaps not optimal in this work because it was found that a great number of culture-negative and histology-negative biopsy specimens were strongly positive by PCR. Kobayashi et al. amplified a fragment of the 16S rRNA gene and compared real-time PCR results obtained by using the TaqMan apparatus to those of culture, histology, urea breath test, and rapid urease test (15) . They found that TaqMan PCR had the highest sensitivity and specificity, 100% for both. In these two studies, the authors found that real-time PCR was able to reliably quantify the gastric mucosal density of H. pylori.
Concerning the detection of clarithromycin resistance by real-time PCR, three works have shown that amplification of a critical fragment of the 23S rRNA gene by LightCycler PCR (LC-PCR) permits an accurate determination of genotypic clarithromycin resistance (5, 16, 18) . But in two of them, the reliability of concomitant detection of the bacterium by realtime PCR was not assessed (16, 18) . In the third study (5) , the authors compared LC-PCR for H. pylori detection only to the rapid urease test with the Helicocheck kit and found 100% concordance between the two tests, which is somewhat surprising given that the sensitivity of the rapid urease test is good but not excellent (8) .
In the present work, our aim was to evaluate whether a simpler system based entirely on LC-PCR amplification of the 23S rRNA gene directly from gastric biopsy specimens could accurately perform these three tasks: detect the bacterium, quantify the bacterial density, and determine the susceptibility of the strain to clarithromycin. To do that, we developed a quantitative LC-PCR assay and compared its performances to those of culture (with clarithromycin susceptibility testing by the E-test method) and histology. The bacterial density determined by LC-PCR was compared with the semiquantitative results obtained by culture and histology.
MATERIALS AND METHODS
Study design. Biopsy samples were obtained over a 16-month period (July 2000 to October 2001) from 196 dyspeptic patients referred for endoscopy at Henri-Mondor hospital. The mean age of the patients was 51.6 years (range, 19 to 90 years), and 63% of the patients were men. They had either nonulcer dyspepsia (91 patients, 46%), gastroduodenal ulcer (83 patients, 42%), MALT lymphoma of the stomach (19 patients, 10%), or gastric cancer (3 patients, 2%). Three endoscopic biopsy specimens taken from the antrum (3 cm from the pylorus) and three taken from the fundus were sent in formalin for histology. In addition, one biopsy specimen from the antrum and one from the fundus were immediately frozen and kept at Ϫ80°C for culture and LC-PCR. Some patients benefited from additional diagnostic tests (serology or urea breath test). Clarithromycin susceptibility testing was performed by the E-test method and by LC-PCR as described below. Infection by H. pylori was defined as (i) positivity of culture, (ii) positivity of histology performed by a trained histologist, or (iii) positivity of LC-PCR and of a concomitant indirect test (serology or urea breath test). The bacterial density was evaluated semiquantitatively by culture and histology and quantitatively by LC-PCR, as described below.
Culture and antibiotic susceptibility testing. Two biopsy specimens from each patient (one from the antrum and one from the fundus) were immersed together into 0.5 ml of glycerol-supplemented brain-heart infusion broth and homogenized in individual microtubes. One half of the homogenate was used for culture, and the other half was kept at Ϫ80°C until completion of LC-PCR. Cultures were performed with a commercialized serum-supplemented selective medium, Pylori agar (bioMérieux, Marcy l'Etoile, France), under microaerophilic conditions at 37°C for a maximum of 6 days. H. pylori isolates were defined as gram-negative spiral-shaped bacilli that were oxidase positive and rapidly (less than 1 h) urease positive. To estimate the bacterial density, a scoring system of 1 to 4 was established as follows: 1, 1 to 10 colonies on the plate, 2, 10 to 100 colonies on the plate; 3, 100 to 1,000 colonies on the plate; 4, more than 1,000 colonies on the plate.
MICs of clarithromycin were determined by the E-test method (AB Biodisk, Solna, Sweden), according to the instructions of the manufacturer, by using Mueller-Hinton agar (Oxoid, Lyon, France) supplemented with 10% horse blood (bioMérieux) and a cell suspension calibrated at 3 McFarland units. Plates were read after 3 days of incubation at 37°C. Strains were considered resistant to clarithromycin if the MIC was Ͼ0.5 g/ml (11) .
Histological analysis with grading of H. pylori density. Formalin-fixed and paraffin-embedded gastric biopsy specimens were routinely processed. Gastritis activity was graded on a four-point scale of none (grade 0), mild (grade 1), moderate (grade 2), and severe (grade 3) according to the guidelines of the Sydney system (21) . The presence of H. pylori was assessed on modified Giemsastained sections. The bacterial density was estimated on a scoring system of 1 to 3 as follows: 1, less than 10 bacteria per gland, 2, 10 to 20 bacteria in at least one gland, and 3, more than 20 bacteria in at least one gland or over the superficial epithelium. The overall bacterial density quantified by histology was estimated by a global score, which was the sum of the density grades in antrum and corpus, and thus ranged from 0 to 6.
Detection of H. pylori in gastric biopsy specimens using the Light-Cycler. LC-PCR was targeted at the 23S rRNA gene, and the hybridization probe method was used for detection of the amplified product. The primers used were HP23S1 (5Ј-GGA GCT GTC TCA ACC AGA GAT TC-3Ј) ( H. pylori DNA was extracted from bacterial colonies by using the QIAamp tissue kit (Qiagen, Courtaboeuf, France) and was quantified by UV spectrophotometry at 260 nm. We estimated that one bacterium corresponded to 1.815 fg of DNA, assuming the mean H. pylori genome size is 1,655,849 ppb (1, 23) . After DNA extraction, one 10-fold serial dilution of H. pylori DNA was made, with bacterial concentrations ranging from 3 to 3 ϫ 10 8 bacteria per 5 l. A series of 10-fold dilutions of H. pylori DNA was included in each amplification run. DNA from 0.25 ml of gastric biopsy homogenates was extracted by using the High Pure PCR template preparation kit (Roche Molecular Biochemicals, Meylan, France).
PCR was performed in a final volume of 25 l with the DNA master hybridization probes kit (Roche Molecular Biochemicals), 5 and 10 pmol of oligonucleotide primers HP23S1 and HP23S2, respectively, 5 pmol of hybridization probes HP23S3 and HP23S4, and 5 l of extracted DNA sample. Carryover was prevented by using heat-labile uracil-DNA glycosylase (Roche Molecular Biochemicals). Amplification was performed for 50 cycles of denaturation (95°C, 10 s), annealing (55°C, 10 s), and extension (72°C, 15 s).
A single fluorescence reading for each sample was taken at the annealing step. Quantitative results were expressed by determination of the threshold of detection, or the crossing point (Cp), which marked the cycle when the fluorescence of a given sample significantly exceeded the baseline signal. They were expressed as fractional cycle numbers. Each sample was tested in duplicate, and the final Cp was the mean of the two results. Then the Cp's were plotted against the known concentration of the bacterium to obtain the standard curve. The bacterial count for a given bacterial sample was calculated by interpolation from this standard curve. To compare the densities obtained by PCR to those of histology and culture, the values obtained by quantitative LC-PCR were converted into decimal logarithmic values.
Melting analysis for detection of mutations in the 23S rRNA gene. PCR was performed as described above except that the following set of internal hybridization probes was used: HP23S7, 5Ј-GTG GAG GTG AAA ATT CCT CCT ACC CG5(Fluorescein) (nucleotide positions 2106 to 2131), and HP23S8, 5Ј-(Red640)GGC AAG ACG GAA AGA CCC C(Phosphate)-3Ј (nucleotide positions 2133 to 2151). After completion of the amplification process, the reaction mixture was denatured at 95°C for 1 min, held at 45°C for 15 s, and then slowly heated to 75°C at a ramp rate of 0.1°C/s. During this process, fluorescence was continuously monitored, and melting curves were constructed automatically with software attached to the LightCycler. Melting curves were converted to melting peaks by plotting the negative derivative of the fluorescence with respect to temperature (ϪdF/dT).
Statistics. Quantitative parameters were expressed as means Ϯ standard errors of the means. Contingency analysis was performed by using the Fisher exact test. Correlations between the different scores were made by the Spearman nonparametric test. P values of less than 0.05 were considered significant.
RESULTS

Development of LC-PCR.
Concerning amplification of H. pylori DNA obtained from a pure culture, linearity was achieved over a 6-log range of input DNA amounts, from 54 ng to 540 fg of H. pylori DNA or 3 ϫ 10 8 to 300 bacteria, with 300 bacteria corresponding to 600 23S rRNA gene copies given that there are two gene copies in the genome of H. pylori (1, 23) . PCR was also positive for 5.4 fg of H. pylori DNA (30 bacteria or 60 copies of the 23S rRNA gene fragment) but with a sharp drop in amplification efficiency. The amplification efficiencies obtained with DNA prepared from gastric biopsy specimens were identical to those obtained with DNA samples prepared from bacterial colonies. Thus, the sensitivity of our assay, for DNA samples prepared either from cultures or from gastric biopsy specimens, could quantitatively reach 300 bacteria or 600 copies of the amplicon and qualitatively reach 30 bacteria or 60 copies. The reproducibility of our assay was evaluated with 10-fold serial dilutions of purified H. pylori DNA, with no significant difference between runs.
Detection of H. pylori. Of the biopsy specimens tested, 33.7% (66 of 196) were classified H. pylori positive (Table 1) , with infection defined as positivity of culture, of histology performed by a trained physician, or of PCR if an indirect test was concomitantly positive (serology or urea breath test). There were nine patients with positivity by PCR only, and four of these benefited from one or two indirect diagnostic tests. Two were recognized as H. pylori positive: one patient with gastric cancer tested positive by breath test and serology, the other presented with duodenal ulcer not linked to consumption of aspirin or nonsteroidal anti-inflammatory agents, tested positive by serology, and was highly positive by quantitative PCR (236,130 bacteria in the DNA sample). The last two patients had a negative breath test and were considered noninfected. The remaining five patients, who were not subjected to an indirect test, were also considered noninfected. Even with our definition of infection, the sensitivity and negative predictive value of our PCR assay were excellent (97.0 and 98.4%, respectively) and higher than those of culture ( Table 1) . The specificity and predictive positive value of PCR were also very good, 94.6 and 90.1%, respectively ( Table 1) .
Quantification of the mucosal bacterial density. Mucosal bacterial density quantification was performed by culture, histology, and LC-PCR. The bacterial density by this latter technique could be evaluated for 63 of the 64 PCR-positive infected patients and ranged from 587 to 3,204,000 bacteria in the DNA sample (mean bacterial density, 222,782 bacteria). Concerning the seven cases of isolated positivity of PCR, the bacterial densities for three of them could not be precisely determined because fewer than 300 bacteria were detected. The bacterial densities for the four other patients were quantifiable but low: 330, 360, 620, and 1,398 (mean bacterial density, 677). The PCR-determined bacterial density was found to be statistically related to semiquantitative densities determined by culture and histology. The mean grades of the densities estimated by histology, culture, and LC-PCR were 1.09 Ϯ 0.13, 0.91 Ϯ 0.11, and 1.59 Ϯ 0.16, respectively. There was significant correlation between the grade of bacterial density estimated by LC-PCR and those estimated by histology (P Ͻ 0.001) or culture (P Ͻ 0.001) (Fig. 1) .
Comparison of clarithromycin susceptibility testing by Etest and PCR. Comparison between PCR and E-test could be performed for 89.4% (59 of 66) of the H. pylori-positive biopsy specimens. There was 98.3% concordance (58 of 59) between the two tests ( Table 2 ). The prevalence of clarithromycin resistance in this study was 18.5% (12 of 65). MICs of clarithromycin for susceptible and resistant strains were Յ0.016 to 0.12 and 24 to Ն256 g/ml, respectively. There was only one discrepant result, concerning a culture which was in fact a mixture of mutant and wild type, with a susceptible-to-resistant ratio of 11.5. The resistant population was detected by E-test but was missed by PCR. Comparison was impossible in five cases because of negativity of culture, in one because of negativity of PCR and in another because of negativities of both techniques. Concerning the five cases of negativity of culture, clarithromycin susceptibility testing by PCR could be performed for all of them, with susceptibility occurring in four cases and resistance occurring in one case. On the other hand, the strain detected by culture but not by PCR was clarithromycin susceptible. To summarize the data, clarithromycin susceptibility testing could be performed for 59, 64, and 65 of the 66 H. pylori-positive biopsy specimens by culture, PCR, and a combination of the two techniques, respectively.
DISCUSSION
We have developed a real-time PCR technique based on the amplification of a fragment of the 23S rRNA gene with the Light Cycler apparatus aimed at detecting H. pylori directly from gastric biopsy specimens, quantifying the bacterial density, and testing the susceptibility of the strain to clarithromycin. The sensitivity and the negative predictive value of PCR were better than those of culture and of histology performed by a trained physician, although positivity of PCR alone was not a criterion standard in our study. Indeed, an indirect test (serology or breath test) had to be concomitantly positive to consider isolated PCR positivity as a true positive, but indirect tests were rarely performed in our study. Thus, only four of the nine cases of isolated PCR positivity benefited from an indirect diagnostic test which was positive for two of them. The five other cases were classified as false positives, but given that the bacterial densities determined by quantitative PCR for these cases were low, it may be that at least some of them corresponded, in fact, to true infections with bacterial loads too low to be detected by other techniques. Thus, the performances of our LC-PCR assay could, in fact, be higher than those reported. This point could be clarified in another study with the systematic use of more diagnostic tests. Nevertheless, even with the criteria used, the performances of our PCR assay are still very good.
The quantitative sensitivity of our assay was 300 bacteria per reaction tube, i.e., 600 copies of the 23S rRNA gene and as few as 30 bacteria (60 copies of the gene) could be detected but not accurately quantified. These thresholds are similar to those of published reports (7, 12) , and our work confirms that real-time Our LC-PCR technique was fast. The PCR for detection could be performed in 2 to 3 h, including DNA extraction. The PCR for clarithromycin susceptibility testing required only one additional hour. Thus, our technique allows easily for sameday diagnosis of H. pylori infection with clarithromycin susceptibility testing, which is much more rapid than culture, which requires at least 5 days. This new method can thus permit us to obtain the information regarding clarithromycin susceptibility or resistance before treating the patient and so choose the appropriate regimen more efficiently. In addition, this method appears very well suited for large, multicentric, epidemiological studies on the prevalence of infection and of clarithromycin resistance. Indeed, a great advantage of PCR is that it does not require viable bacteria. The transport conditions are thus not as critical as they are for culture, and shipment costs are cheaper. The cost of the reagents necessary for our technique is reasonable: $6.20 for H. pylori detection only and $8.60 for detection and clarithromycin susceptibility testing. By microbiological techniques, detection is cheaper, $1.70, but the price of detection with clarithromycin susceptibility testing by E-test, $6.90, is comparable to that of PCR.
In conclusion, we have developed an LC-PCR assay that permits accurate, fast, and cost-effective detection and quantification of H. pylori directly from gastric biopsy specimens as well as determination of the susceptibility of the strain to clarithromycin. The specificity of our technique was excellent, and its sensitivity was higher than those of culture or histology despite the fact that, in this study, isolated PCR positivity was classified as false positivity. Thus, we think that this PCR technique is able to replace culture in routine as well as in epidemiological studies.
